Solar panels, which have become a good choice, are used to generate and supply electricity in commercial and residential applications. This generated power starts with the solar cells, which have a complex relationship between solar irradiation, temperature, and output power. For this reason a tracking of the maximum power point is required. Traditionally, this has been made by considering just current and voltage conditions at the photovoltaic panel; however, temperature also influences the process. In this paper the voltage, current, and temperature in the PV system are considered to be a part of a sliding surface for the proposed maximum power point tracking; this means a sliding mode controller is applied. Obtained results gave a good dynamic response, as a difference from traditional schemes, which are only based on computational algorithms. A traditional algorithm based on MPPT was added in order to assure a low steady state error.
Introduction
Energy availability in photovoltaic (PV) panel [1] depends on temperature and solar irradiation. The PV panel supplies maximum power at a particular point of operation conditions, which is known as the maximum power point (MPP). Unlike conventional power sources, it is desirable to operate PV systems at this specific point, the MPP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, the MPP locus varies over a wide range, depending on PV array, temperature, and irradiation intensity [1] [2] [3] .
A tracking of the maximum power point (MPPT) guarantees the operation of the PV generator at the MPP under changing atmospheric conditions. Although the MPPT power stage is typically implemented by means of a DC-DC converter and a computational algorithm, some other types of converters and controllers may also be considered.
The "perturb and observe" (P&O) algorithm is probably the most widely MPPT used. The algorithm operation principle is simple, the power is calculated from voltage and current at the PV system, and then the MPP is tracked iteratively. This algorithm implies a tradeoff of choosing the increment value of the controlled parameter (such as duty cycle or reference voltage) and the period of time that this adjustment is made. On one hand, small increment values of the controlled parameter decrease the error at steady state; however, the dynamic response is deteriorated. On the other hand, the time interval between algorithm iterations not only should be short to allow faster tracking, but also must be long enough to assure a reliable signal measurement due to the settling time of the PV current and voltage.
The MPPT should include a self-tuning mechanism [3, 4] , which rules the power stage and drives the system to operate at the MPPT. Many MPPT algorithms have been proposed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , some with faster positioning at the MPP and some others more precisely. A good dynamic behavior is useful in situations with quickly changing irradiation conditions or load characteristics [8, 9] .
MPPT efficiency depends on the employed algorithm complexity; however, sophisticated algorithms show two main drawbacks. These not only may require expensive hardware, but also may have a slow dynamic response. The period of time in algorithm iterations is always a special issue to evaluate when algorithms are considered.
There exist papers in literature [10, 11] based on sliding mode control; these proposals include a traditional P&O algorithm. The sliding surface is based on a voltage controller 2 International Journal of Photoenergy for generating the input current reference. Since these schemes employ P&O algorithm, which establish the tracking for the MPP, it becomes a disadvantage; and therefore the technique still does a tradeoff engagement between precision and dynamic response.
In literature [12] a proposal for MPPT based in sliding mode controller is also found, where its scheme eliminates the steady state variation and reduces the tradeoff engagement between precision and dynamic response. The sliding surface is based on the classic equation of P&O algorithm and its implementation for this proposal implies derivative and division between variables, which become a drawback, since it requires expensive hardware.
The MPP locus may be approximated by a linear relationship [13, 14] based on the characteristics from PV modules. Therefore, a linear controller, which reduces the tradeoff engagement between precision and dynamic response, could be designed in order to operate the PV system near the MPP. An implementation for a system on this condition may offer a much faster MPPT, as it is suggested in literature [18] , where this linear approximation just considers the voltage and current.
All these previous schemes do not consider the temperature in the tracking; however the PV panel also depends on this variable.
In this paper a MPPT based on a linear approximation is proposed which considers not only the voltage and current on the PV panel, but also temperature. The MPP locus is tracked at all times. A linear approximation is used to establish the sliding surface for the sliding mode controller, where a fast tracking response is obtained. Additionally a slow control loop based on traditional P&O method is considered to guarantee a low error at steady state.
This proposal let us have a fast dynamic response, simple implementation (no expensive hardware), and small variation at steady state. The tradeoff between precision and dynamic response is reduced, since the MPPT is performed by the sliding controller and not by the iterative algorithm. The best features of several different methods published in literature have been gathered in this proposal.
This work is organized as described next: MPPT proposal is discussed in Section 2, which includes system modeling, operation, and analysis. Section 3 is addressed for simulation and experimental results. And some final conclusions are given at the end.
Proposed Maximum Power Point Tracking
Two control loops have been implemented for the MPPT: a fast and a slow loop. Figure 1 shows the block diagram. It is easily seen how voltage, current, and temperature are considered simultaneously; these three variables are used into the sliding surface, which are provided for the fast loop, and the first two variables are employed for the slow loop in order to guarantee a low error at steady state.
The fast loop allows us to reach very closely the MPP vicinity with a good dynamic response, while the slow loop allows us to decrease the steady state error by using a small step increment in the MPPT algorithm. This technique becomes a good tracking method. Since, tracking mostly is carried out by the fast loop, the slow loop requires few iterations. The two control loops are explained next.
Fast Loop.
A sliding mode controller is considered for this loop, where the sliding surface is established by the PV panel characteristics; this may easily be obtained not only experimentally but also by using a model. A switching surface is established by a linear combination of voltage, current, and temperature in the PV generator (PVG), which contain the different MPP (or at least close to the vicinity) at different operating conditions. The sliding mode controller leads the system to the sliding surface and it is maintained in it, so that, the controller will reach the MPP vicinity.
A typical graph of a PV panel is shown in Figure 2 (a), where it is shown solar irradiation changes at a fixed temperature of 15 ∘ C. It is easily seen that the MPP in each graph is located at the knee of the curve, and it suffers changes depending on the radiation. These points may almost be connected by a line; actually a linear approximation may be done by using least squares.
Figure 2(b) shows a similar PV panel graph as before, at a fixed temperature of 30 ∘ C, where the points may also be adjusted by a linear approximation. Actually these two lines may be used to generate a plane, which contains the MPP vicinities at different temperature and irradiation conditions. Through linear approximation analysis the plane is obtained, which contains the MPP vicinities as pv − 2.54V pv − 0.455
where pv is the panel current, V pv is the panel voltage, is the environmental temperature, and ref is a displacement term = 93.63. This plane is considered as sliding surface for the proposed controller. According to the theory of sliding modes, the system is forced to be directed into the surface, so that the system will reach the MPP vicinity with a fast dynamic response. 
Slow Loop.
The MPP vicinity is reached by the system due to the fast loop, and then, a small variation should be made in order to adjust the system and reduce the steady state error with the aid of the slow loop. A traditional "perturb and observe" MPPT was employed. The parameter " ref " is considered as the output in order to follow the MPP and reduce the error at steady state.
Control Design and Implementation.
The power stage considered in this paper is a traditional DC/DC boost converter, as illustrated in Figure 3 , where the load is a constant resistance. Then the output voltage is adjusted according to the power available at the PV panel.
The sliding surface and control law employed are
where is the sliding surface and is the control law. Operational amplifiers and comparators were considered as analog devices for implementing the sliding surface and control law. A microcontroller generates the " ref " parameter, which is considered constant at steady state.
The switching frequency is considered to be bounded by the aid of a limiter. The operation for this proposed system is graphically shown in Figure 4 . It should be noticed that the MPP is tracked when irradiance changes.
A model was developed for verifying the functionality of this proposed system; not only the existence of a sliding mode was verified but also the stability analysis under one operating point was made.
Model of the System. The system model considers two positions for the main switch. These are when it is turned "on" and "off. " A simplified model for the PV panel is also considered [19] :
where is the ideality factor of the diode, is the Boltzmann constant, is the electron charge, is the percentage of irradiance (1 = 100%), sc is the short circuit current of the PV panel, is the saturation current of the diode, is the temperature of the ambient in ∘ K, and V pv is the voltage of PV panel or input capacitor.
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The equations when the switch is "on" are
where is the current of the inductor, V is the voltage of the output capacitor, V pv is the voltage of input capacitor, and pv is the current of the PV panel.
The equations when the switch is "off " are
Then substituting (3) in (4) and (5) and after some algebraic manipulations the complete model of the system is obtained as
where is the control law.
Existence of the Sliding Mode.
Existence of sliding mode is demonstrated by the next inequality, which must be satisfied [21] [22] [23] [24] [25] :
Considering, at this point, the negligible temperature variation, the derivative of the sliding surface is obtained as
Substituting (6) in (8) lets us obtain
The existence, for the two possible cases of (7), is analyzed next.
(a) If > 0 then < 0 and = 0. The following inequality is obtained:
(b) If < 0 then > 0 and = 1. The following inequality is obtained:
Inequalities (10) and (11) must be satisfied in order to guarantee the existence of the sliding mode. Inequality (10) is satisfied because the analyzed converter is a DC/DC boost converter (V is always higher than V pv ). Therefore (10) is negative if the voltage algebraic addition is more dominant than the other term. Same thing happens with inequality (11); since the PV panel voltage is always positive, the inequality is satisfied only if the term is more significant than the second one.
Stability Analysis. An equivalent control is obtained [24, 25] in order to verify the system stability. This control law is substituted in the system model.
The equivalent control is obtained from expression (9), which is made equal to zero, and the control law is finally written as follows:
Developing the equivalent control from (12) is obtained as
Substituting (13) in (6) is obtained:
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where
System (15) has the following eigenvalues:
Only two eigenvalues determine the stability established into the sliding surface. One eigenvalue is zero due to the property of the sliding mode controller, which reduces the order of the system [24, 25] . This is explained, because the system is maintained into the sliding surface, and therefore the movement is restricted into the plane (the sliding surface). These two eigenvalues must have a negative real part to guarantee stability into the sliding surface. Evaluating (17) , it is obtained that the system is stable if
This inequality is satisfied for the parameters of the implemented system. Table 1 shows the system parameters. Bounding the Switching Frequency. An ideal sliding mode controller implies an infinite switching frequency, and then in a practical implementation this switching frequency must be bounded. There are different techniques to limit the switching frequency [20, 26] : hysteresis, delay, and holding at a constant time the switch in "on" or "off, " and finally, also the use of PWM may be considered.
This paper considers the employed method in [20] , which allows operating at a fixed switching frequency, even under large variations.
Simulation and Experimental Results
System functionality was evaluated not only numerically but also experimentally, so that the proposed idea was validated.
The boost converter consists of an inductor of 200 H, an input capacitor of 220 F, an output capacitor of 220 F, and the load resistance of 30 Ω.
The system was evaluated under different operating conditions. Initially the simulations are addressed and later on the experimental results. Figure 5 shows the simulation results at steady state. Figure 5(a) illustrates the operation at steady state when the temperature is 15 ∘ C; the irradiance is = 1, which is equivalent to 1000 W/m 2 , so that the MPP is located at a power of 127.15 W. It is easily seen that the system reaches that PV panel power. Figure 5 (b) illustrates the slow loop behavior, which is always oscillating when the MPP is tracked. It is also seen that the variation at the output is small, so that this variation is almost negligible at the PV panel power at steady state.
Simulation at Steady State.
The slow loop has a 0.5 s as the time interval between algorithm iterations.
It is important to notice that in Figure 5 (and also Figure 6 ) the inductor current for illustrating the power demanded for the PV panel is considered; this was done, for having a better appreciation in the figure. However, the actual power of the PV panel does not have this ripple, due to the input capacitor in . Figure 6 (a) shows system operation under a sudden irradiation change; initially irradiation value is 1000 W/m 2 , and it changes to 600 W/m 2 , this represents a huge variation on the PV panel conditions. It is easily seen that the system takes around 36 ms to track the new MPP. Since each decision is made every 0.5 s, it would take a much longer time, if only a slow loop was considered. The proposed system offers a faster response than this obtained with iterative methods based on just algorithms. Figure 6(b) shows the system operation under a sudden temperature change; initially temperature value is 15 ∘ C and it changes to 30 ∘ C. This represents a huge variation on the PV panel conditions. It is easily seen that the system takes around 8 ms to track the new MPP. This is mainly due to the consideration of the temperature in the sliding surface.
Simulation under Radiation Change.

Simulation under Temperature Change.
Again, it would take a much longer time, if only a slow loop was considered. The proposed system offers a faster response than this obtained with iterative methods based on just algorithms.
Experimental
Results. This proposal was examined at steady state and under renewable source variation in order to carry out a reliable validation. Therefore, this proposal of power point tracker algorithm was evaluated. Actually, this proposed sliding mode MPPT was connected to a PV emulator which allows changing its condition in a dynamic manner.
Results for the system at steady state are shown in Figure 7 , where the operating conditions are 600 W/m 2 . From top to bottom, the PV panel voltage, the inductor current, and the drain-source voltage of the main switch are
shown. This last voltage not only illustrates the commutation of the main switch, but also allows seeing the value of the output voltage at the high voltage level. Figure 8 shows changes to the conditions on the PV panel. Initially, the system was evaluated under a change from 40% to 60% of irradiation, which is illustrated in Figure 8(a) . From top to bottom, the PV panel voltage, the inductor current, and the drain-source voltage of the main switch are shown. It is easily seen that the system takes around 8 ms to track the new MPP of the PV. It is also seen how the output voltage increases for demanding more power according to the new MPP condition.
Finally, the system was also evaluated under changes from 80% to 40% of irradiation, as illustrated in Figure 8 
Conclusion
This proposal introduces a new sliding mode based MPPT method. It offers an accelerated convergence to the maximum power point as a difference from the traditional method. This is accomplished by choosing the switching surface, which considers voltage, current, and temperature simultaneously of the PV panel.
Fast loop implementation, which includes a sliding surface generated based on the PV panel characteristics, offers a fast tracking response in spite of changes on weather International Journal of Photoenergy International Journal of Photoenergy conditions. A good steady state performance is also obtained due to slow loop implementation, which is based on a traditional "perturb and observe" method. Operation and analysis for the converter were given. Simulation and experimental results were also shown.
